The stability of receptor proteins and mRNAs in brain tissue is variable after death. As a prelude to quantitative studies of melatonin receptor density and clock gene expression in the human brain, the stability of these macromolecules was examined in the mouse brain under simulated postmortem conditions using the model of Spokes and Koch (1978) . In the mouse suprachiasmatic nucleus (SCN), melatonin receptor binding was significantly reduced after 18 to 24 h under postmortem conditions. Two mRNAs that are rhythmically expressed in the SCN, mPer1 and prepropressophysin (AVP), also decreased significantly over the interval studied, and mPer1 declined more rapidly than AVP. Both mPer1 and AVP mRNA levels in the SCN declined more rapidly in vivo than under postmortem conditions, suggesting that the degradation of these mRNAs is an active process. The results indicate that quantitative studies of melatonin receptor density on human postmortem material are feasible and that detection of rhythmic gene expression in the human SCN will likely require collection of specimens with a rather short (< 8 h) interval from death to tissue collection. The relative stability of melatonin receptor binding in the SCN also suggests that receptor binding may be a reliable marker for the location of the SCN in studies assessing clock gene expression in postmortem material.
The suprachiasmatic nuclei (SCN) generate a wake-promoting signal (Dijk and Czeisler, 1995; Edgar et al., 1993) . It has been proposed that melatonin promotes sleep in diurnal animals by silencing this wake-promoting signal from the SCN (Lavie, 1997; Sack et al., 1997) . A suppressive effect of melatonin on SCN electrical activity has been reported in mice (Liu et al., 1997) . Sleep maintenance insomnia of the elderly is characterized by an advanced phase of awakening relative to absolute clock time as well as relative to rhythms of melatonin and body temperature Haimov and Lavie, 1997 ; see Dijk et al., 2000 for review) . The inability to maintain sleep at the end of the sleep period is not due to alterations in circadian period, as circadian cycle length in healthy elderly subjects does not differ from that in younger subjects . Together, these observations suggest that sleep maintenance insomnia of the elderly may be due to the failure of endogenous melatonin to suppress a premature increase in the wake-promoting signal from the SCN.
The "melatonin deficiency hypothesis" suggests that an age-related decline in nocturnal melatonin levels (reported in most but not all studies; see Zeitzer et al., 1999 and references therein) is responsible for sleep maintenance insomnia. In recent studies testing this hypothesis, exogenous melatonin treatment reduced sleep latency but did not improve sleep maintenance (Dawson et al., 1998; Hughes et al., 1998) . Collectively, these findings suggest an alternative hypothesis, that an age-related loss of responsiveness to melatonin may contribute to sleep maintenance insomnia. Reduced responsiveness to melatonin in the elderly has been reported for the hypothermic effect of melatonin (Cagnacci et al., 1995) . Dawson et al. (1998) reported, however, that melatonin treatment did not improve sleep maintenance even in elderly subjects in which a hypothermic response was observed. These observations suggest a loss of responsiveness to melatonin at central sites influencing sleep.
One approach to test this hypothesis is to determine whether there is an age-related loss of melatonin receptor binding in the human SCN. Previous studies of melatonin receptors in the human SCN have involved within-subject comparisons (e.g., IC50 assessments) rather than quantitative comparisons across subjects (Reppert et al., 1988; Weaver et al., 1993) . One concern in comparing across subjects, as needed for a study of the effect of aging, is the possibility that the level of melatonin receptor binding may change as a function of the interval from death to freezing of the tissue specimen. The interval from death to tissue preservation, referred to as "autolysis time," can influence the observed levels of proteins and mRNAs in autopsy specimens. Postmortem stability varies with the macromolecule and the tissue being examined (Barton et al., 1993; Kontur et al., 1994; Pardue et al., 1994; Syapin et al., 1987; Whitehouse et al., 1984) . As a prelude to quantitative studies of melatonin receptors in human tissues, the present study was performed to assess the stability of melatonin receptor binding in the mouse SCN under conditions that mimic the handling of human postmortem material.
In addition, the expression of several mRNAs that are relevant to circadian clock function was examined in the SCN. Recent studies reveal that the circadian clock in the SCN involves a transcriptional-translational feedback loop, in which rhythmically expressed proteins feed back to inhibit the synthesis of their own mRNAs (for review, see Reppert and Weaver, 2000) . The positive drive in the mammalian feedback loop comes from the dimeriza-tion of two basic helix-loop-helix PAS domain proteins, CLOCK and BMAL1. The rhythmic expression of the negative regulatory genes, mCry1, mCry2, and mPer1-2-3, is reduced in Clock/Clock mutant mice, as is the rhythmic expression of the clock-controlled genes, D-element binding protein and prepropressophysin (encoding arginine vasopressin, AVP) (Jin et al., 1999; Ripperger et al., 2000; Silver et al., 1999) . Thus, the rhythmic expression of selected genes within the SCN is directly related to circadian clock function. Assessment of whether molecular rhythms exist in the human SCN will require knowledge of the postmortem stability of these mRNAs.
MATERIALS AND METHODS

Choice of Model
Several methods have been used to assess postmortem stability of macromolecules in brain tissue. The difference in body size between rodents and humans has a large impact on the rate of heat loss after death, such that rodents reach room temperature shortly after death, whereas humans take many hours to reach ambient temperature. For this reason, maintenance of rodent cadavers at room temperature or in a coldroom poorly mimics the cooling of human cadavers. Spokes and Koch (1978) measured the temperature of human brain in corpses transferred from room temperature to a coldroom 4 h after death. This model of brain cooling has been widely used for rodent studies of receptor and mRNA stability and represents the cooling of human brain tissue under typical autopsy conditions. The current study was designed to maintain rodent tissue under temperature conditions that mimic the cooling curve described by Spokes and Koch (1978) .
Animals and Tissue Preparation
Adult male mice (C3H/HeN) were purchased from Charles River Laboratories (Wilmington, MA). Mice were exposed to a 12-h light:12-h dark (12L:12D) lighting cycle, with lights on at 0700 h for 7 days after arrival from the vendor. Mice were euthanatized by carbon dioxide inhalation. Mice euthanatized at night were handled with the aid of dim red light. Brains from one group of mice were removed immediately after euthanasia at 1300 h, 6 h after lights on (zeitgeber time [ZT] 6) and were frozen in cooled 2-methylbutane, to serve as an initial control. Brains from a second group of mice were removed and frozen immediately after euthanasia at 0100 h (ZT 18). The remainder of the animals were euthanatized at ZT 6 and decapitated, and the whole heads were placed into sealed plastic bags in a shaking water bath equilibrated to 37°C. The water bath was transferred to a coldroom, and the temperature was manually adjusted at intervals to mimic the cooling curve described for the human brain during the postmortem period (Spokes and Koch, 1978; Fig. 1) . Water temperature in the bath was monitored by submerging the sensor of a temperature alarm (0.1°C resolution; Hampshire Controls, Dover, NH) in the water bath. Mouse heads were removed from the water bath at intervals from 2 to 24 h after euthanasia. At these intervals, brains were removed from the skull and frozen in cooled 2-methylbutane as described above.
All samples were stored at -80°C until sectioning. Sections (15 µm) through the SCN were cut in a cryostat (-20°C) and distributed as a 1-in-8 series to slides coated with Vectabond (Vector Labs, Burlingame, CA). Sections were allowed to air-dry, then slides were stored at -80 °C.
Melatonin Receptor Binding
Autoradiographic detection of melatonin receptor binding was performed using the agonist radioligand, 2-[ 125 I]-iodomelatonin ( 125 I-MEL, 2200 Ci/mmol, New England Nuclear, Boston, MA). A 125 I-MEL concentration near the equilibrium dissociation constant for brain melatonin receptors was used. Although this experimental approach would detect a decrease in either receptor number or receptor affinity, it does not allow discrimination between these two mechanisms if a decrease in the level of binding is observed. Total binding was determined by incubating sections in 50 pM 125 I-MEL in binding buffer (50 mM TRIS, 4 mM CaCl 2 , 0.1% bovine serum albumin) for 1 h at room temperature. Nonspecific binding in adjacent sections was determined by inclusion of 1 µM melatonin (Sigma). After labeling, sections were washed in ice-cold buffer (2 × 15 min), dipped into distilled water, and dried in a stream of cool air. Sections were exposed to Kodak Biomax MR film for 10 days. 125 I-microscale standards (20 µm thickness, Amersham) were included in each cassette for quantitative analysis.
cRNA Probes and In Situ Hybridization
Probes used to detect mPer1 and AVP mRNAs were generated as previously described (Jin et al., 1999) . Briefly, cRNA probes were generated from linearized plasmid DNA by in vitro transcription in the presence of 35 S-UTP (1100-1300 Ci/mmol). The mPer1 probe corresponded to nucleotides 468-821 of GenBank accession number AF022992. The plasmid used to generate the AVP probe was generously provided by Dr. T. G. Sherman (University of Pittsburgh). Sense strand probes were also generated from each plasmid as a control for nonspecific hybridization.
In situ hybridization was performed as previously described (Weaver, 1993) . Briefly, slide-mounted sections were allowed to thaw and dry and then were fixed, treated with HCl to remove protein, acetylated, and dehydrated in ascending ethanols. Probe (0.8-1.1 × 10 7 cpm/ml) was applied and slides were coverslipped and then incubated at 53°C overnight in a humid chamber. The following morning, coverslips were removed and the slides were washed, incubated in RNase A (10 mg/ml in high-salt buffer, 1 h at 37°C), then washed in 0.1 × saline/sodium citrate (2 × 30 min at 53°C). Sections were dehydrated, dried, and exposed to Kodak Biomax MR film in light-tight cassettes for 6 to 7 days. 14 C standards included in each cassette were used to verify that all films within each set were comparable.
Quantitative Image Analysis
Image analysis was performed as previously described (Weaver, 1993) . NIH Image (1.41) and a Macintosh computer were used to determine optical density (OD) values of the SCN. One or two sections through the SCN with the highest level of signal were used for quantitative analysis. Values for melatonin receptor binding were converted to 125 I level using the microscale standards on each film. In converting OD values to radioactivity levels, the difference between the thickness of the sections (15 µm) and the thickness of the standards (20 µm) was ignored. Values from in situ hybridization are reported as absolute OD values (Kodak photographic step tablet #3). Data were analyzed by analysis of variance and post-hoc tests (t test and Dunnett's test) using StatView 1.0 on a Macintosh Quadra. Significance was determined at p < 0.05.
For preparation of figures, images were captured using a Polaroid DMC digital camera using a Macintosh G4 computer. Images were compiled and arranged using Adobe Photoshop 5.0.
RESULTS
Melatonin receptor binding in the mouse SCN declined significantly with time under simulated postmortem conditions (Figs. 2, 3 ; ANOVA, p < 0.005). The level of binding remained stable for the first 12 h but was significantly reduced from initial levels at 18 and 24 h of autolysis time (p < 0.05, Dunnett's test). The maximum reduction in binding was approximately 10% of total binding. The level of nonspecific binding was 5% to 8% and did not appear to vary with autolysis time.
The stability of mPer1 and AVP mRNAs in the SCN was transcript-specific (Figs. 4, 5) . mPer1 hybridization levels declined significantly with autolysis time (ANOVA, p < 0.0001). Relative to the initial values, Weaver and Capodice / POSTMORTEM STABILITY 219 mPer1 hybridization intensity was significantly reduced at 8, 12, 18, and 24 h ( Fig. 5 ; Dunnett's test, p < 0.05). The loss of AVP hybridization intensity occurred more slowly. AVP RNA levels declined significantly with autolysis time (Fig. 4, ANOVA, p < 0.02) , but only the longest autolysis time (24 h) differed significantly from the initial control value ( Fig. 5 ; p < 0.05, Dunnett's test).
Comparison of mPer1 and AVP hybridization levels at ZT 6 versus ZT 18 confirmed the expected rhythmicity of these mRNAs in the SCN in vivo (t tests, p < 0.0001; Figs. 4 and 5) . Levels of melatonin receptor binding did not differ between ZT 6 and ZT 18 (t test, p > 0.05).
The level of mPer1 and AVP mRNAs remaining in the SCN after 12 h under simulated postmortem conditions was greater than the level expressed in vivo at the same clock time (p < 0.05, t tests). In other words, the decline in these mRNAs between ZT 6 and ZT 18 was more rapid in vivo than under simulated postmortem conditions.
DISCUSSION
The stability of macromolecules in the mouse SCN under simulated postmortem conditions was found to be variable. Melatonin receptor binding and AVP mRNA levels were relatively more stable than mPer1 mRNA levels under simulated postmortem conditions.
The relatively high stability of melatonin receptor binding under simulated postmortem conditions shown here is consistent with studies on other G-protein coupled receptors in the brain. The majority of receptor types examined have been reported to be highly to "extraordinarily" stable (Davies and Feisullin, 1981; Gilmore et al., 1993; MacGregor et al., 1994; Ori et al., 1987; Sherwin et al., 1986) , whereas a small number are considerably less stable (Kontur et al., 1994; Sapolsky and Meaney, 1988; Syapin et al., 1987; Whitehouse et al., 1984) . The reason for this difference in stability among receptor types is not clear.
Notably, in the present study, levels of melatonin receptor binding were very stable between 2 and 12 h postmortem. In practice, all autopsy specimens have a minimal postmortem interval of 1 to 2 h. The stability of melatonin receptor binding under simulated postmortem conditions strongly suggests that quantitative studies on human postmortem material are possible and valid with autolysis times of less than 12 h. Use of specimens with longer postmortem intervals is possible but would slightly underestimate melatonin receptor density.
It should be noted that factors not examined in this study, including tissue pH levels and freezer storage time, could have a significant impact on the level of receptor binding or RNA levels detected in autopsy specimens (Barton et al., 1993; Burke et al., 1991; Rodriguez-Puertas et al., 1996) . Furthermore, there are reports of site-specific differences in postmortem receptor stability (Kontur et al., 1994; Wetzel et al., 1994) . The level of receptor binding in the mouse anterior hypothalamus and paraventricular thalamus appeared relatively stable with autolysis time, however, suggesting stability in these brain areas was similar to that observed in the mouse SCN (data not 220 JOURNAL OF BIOLOGICAL RHYTHMS / June 2001 shown). The demonstration of postmortem stability of melatonin receptors, even in several mouse brain regions, does not prove similar stability in the human SCN. In previous studies of human postmortem material, however, melatonin receptor binding was detected in the SCN of specimens with postmortem intervals of 8 to 24 h (Reppert et al., 1988; Weaver et al., 1993; Weaver and Reppert, 1996) . In these specimens, it was even possible to demonstrate coupling of the melatonin receptor to G proteins (as revealed by inhibition of binding by guanine nucleotides; Weaver et al., 1993) . These studies and the present results strongly suggest that quantitative study of melatonin receptor density can be accomplished using human postmortem material.
It is worth noting that the density of melatonin receptors in mouse SCN undergoes only a modest age-related decline (Benloucif et al., 1997) . The minimal loss of SCN melatonin receptors is consistent with the finding that the ability of melatonin to phase shift the circadian clock was also not impaired in aging mice (Benloucif et al., 1997) . The circadian phase shifting and suppressive/sleep promoting effects of melatonin may occur by different mechanisms, however (Liu et al., 1997) . A comprehensive study investigating whether there are age-related changes in the suppressive effect of melatonin on SCN neuronal firing rate, coupled with assessment of receptor density, is needed to determine whether there is a post-receptor deficit in sensitivity to melatonin in the aging mouse SCN.
Previous studies of RNA stability under simulated postmortem conditions indicate that stability is transcript-specific (reviewed in Barton et al., 1993; Burke et al., 1991) . Remarkably, total RNA levels do not decline substantially in either human brain samples or rodent brains under simulated postmortem conditions (Barton et al., 1993; Johnson et al., 1986; Noguchi et al., 1991) . Among specific transcripts, some mRNAs show remarkable stability (Gilmore et al., 1993; Johnson et al., 1986) , whereas others appear to be much less stable (Pardue et al., 1994) . Of particular note, three previous studies have examined the stability of AVP mRNA under simulated postmortem conditions. Rivkees et al. (1989) found that AVP mRNA in whole rat hypothalamus decreased by ca. 20% in 12 h under simulated postmortem conditions, as assessed by Northern blot analysis. These authors further indicated a decline to only 30% to 50% of initial values at 24 h using the Spokes-Koch model. Similarly, Arai et al. (1989) and Noguchi et al. (1991) reported substantial loss of hypothalamic AVP mRNA by Northern blot of whole hypothalamus and by in situ hybridization in the supraoptic nucleus, respectively, by 24 h at room temperature. The present results generally concur within these previous reports but extend the observations by focusing on the SCN. mPer1 and AVP are rhythmically expressed in the SCN. There is good evidence that expression of each of these genes is regulated through rhythmic transcriptional activation (Carter and Murphy, 1992; Jin et al., 1999; Kuhlman et al., 2000; Yamazaki et al., 2000) . The rhythmicity of steady-state RNA levels suggests that the transcript must have a relatively short half-life. Thus, it seems likely that mPer1 and AVP mRNAs have a relatively rapid turnover in vivo. Despite the similarity in the profiles of expression of mPer1 and AVP mRNAs in the mouse SCN in vivo, mPer1 mRNA appears less stable under simulated postmortem conditions than does AVP mRNA.
The level of mPer1 and AVP mRNAs remaining after 12 h under simulated postmortem conditions was greater than the level of these mRNAs expressed in vivo at the same clock time. The more rapid decline in vivo, compared to ex vivo (postmortem) conditions, suggests that the declining phase of the mRNA rhythm may be an active process. The impact of regulated transcript stability on circadian clock function remains to be investigated.
To date, the only information on expression of clock-relevant genes in human hypothalamus is a report demonstrating Clock gene expression in the human SCN (Steeves et al., 1999) . The relative instability of mPer1 mRNA revealed in the present study suggests that detection of rhythmicity in this RNA in human postmortem material may be difficult. Selection of specimens with short postmortem autolysis times will be required for quantitative assessment of mPer1; specimens of this type make up a small percentage of the specimens available from brain banks and autopsies. Whether other mRNAs rhythmically expressed in rodent SCN (e.g., mPer2, Bmal1) are sufficiently stable to allow assessment of their rhythmicity in human SCN remains to be determined.
